We studied the kinetic roughening dynamics of drying wet paper. The configurations of dry paper sheets are found to be self-similar, rater than self-affine. Accordingly, the paper roughening dynamics corresponds to the new class of anomalous kinetic roughening ͓J. J. Ramasco, J. M. López, and M. A. Rodríguez, Phys. Rev. Lett. 84, 2199 ͑2000͔͒, characterized by the equal local and global roughness exponents = ␣ = 1 and the dynamic exponent z = 1.0± 0.2, whereas the spectral roughness exponent ␣ S Ͼ 1 is determined by the long-range correlations characterized by the fractal dimension D of crumpled sheet. The kinetic roughening of surfaces has played the role of a paradigm in nonequilibrium statistical physics for the past two decades, with applications ranging from growth problems to fracture phenomena ͓1͔. Typically, an initially flat d-dimensional surface z͑t , x ជ͒ roughens if it is driven by some external noise. The roughening dynamics is commonly characterized by the time dependent global width of interface W͑L , t͒ = ͓͗z͑x ជ , t͒ − z͔ 2 ͘ 1/2 , where the overbar denotes the average over all x ជ in a system of size L and the brackets denote the average over different realizations ͓1,2͔.
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It was found that in many cases the roughening dynamics exhibits scaling invariance, i.e., their behavior does not change under rescaling of space and time combined with an appropriate rescaling of the observables and the control parameters ͓1,2͔. Specifically, in the absence of any characteristic length in the system except L, the roughening dynamics satisfies the celebrated Family-Vicsek scaling ansatz ͓3͔,
W͑L,t͒ ϰ t ␤ f͓L/͑t͔͒, ͑1͒
where ϰ t ␤/␣ is the horizontal correlation length, ␤, ␣, and z = ␣ / ␤ are the so-called growth, global roughness, and dynamic exponents, respectively; and the scaling function f͑y͒ behaves as f ϰ y ␣ if y Ӷ 1 and it is a constant when y ӷ 1. The scaling behavior of the local fluctuations of the surface is, however, generally characterized by different scaling exponents. According to the generic dynamic scaling ansatz suggested in ͓4͔, the local surface width,
, where ͕...͖ ⌬ denotes an average over x in windows of size ⌬, scales as
where the scaling function behaves as f ϰ y if y Ӷ 1 and it is a constant when y ӷ 1. The local roughness exponent is generally less or equal to ␣. Kinetic roughening characterized by Ͻ ␣ was called anomalous roughening in the literature ͓1,4͔. Furthermore, to classify the scaling dynamics within a framework of generic scaling theory, we need to know the scaling behavior of the structure factor or power spectrum of surface, S͑k͒ = ͗Z͑k͒Z͑−k͒͘, where Z͑k͒ is the Fourier transform of z͑x͒. In saturation ͑t → ϱ , → L͒ the structure factor of rough d-dimensional surface behaves as
where ␣ S is the spectral roughness exponent ͓4͔. Accordingly, the Family-Vicsek scaling is associated with ␣ S = ␣ = . The super-rough surfaces are characterized by ␣ S = ␣ Ͼ = 1, whereas the intrinsically anomalous roughness is characterized by ␣ S = Ͻ ␣ ͓4,5͔. Furthermore, Ramasco et al. ͓4͔ has predicted the existence of a new class of anomalous dynamic scaling characterized by ␣ S Ͼ ␣ ജ = 1, which was observed in numerical simulations of one-dimensional Sneppen model of self-organized depinning ͓6͔. However, as far as we know, this type of kinetic roughening was not observed in experiments ͓7͔. Many studies of roughening dynamics were performed with the use of a paper as a model random medium ͑see, for example, Refs. ͓2,8͔, and references therein͒. An interesting example of kinetic roughening is a crumpling of a paper sheet when wet paper dries ͓9͔. As moisture is removed, paper tends to shrink ͓10͔. Dried paper does not reveal any characteristic length scale; rather smaller "mountains" appear inside larger ones up to the fiber scale. The mechanisms of paper roughening due to drying are discussed in details in Refs. ͓8-11͔. The only known to us model of kinetic roughening of drying wet paper suggested in Ref. ͓9͔ predicts a trivial result ␣ S = = ␣ = 1, which was not supported experimentally. In this work we performed an experimental study of roughening dynamics of drying wet paper.
We used the square sheets of different sizes L of three kinds of Filtro paper with open, medium, and closed porosity ͓12͔. The main properties of these papers are given in Table I . The sheet size was varied from L 0 = 2 cm to L max = 50 cm with the relation L = L 0 for scaling factors =2,2.5, 3,5,10,15,20,25. All samples were placed in a bath of distilled water for 10 min. After that, each sheet was removed from the bath and placed on a blotter to remove dripping water and then positioned on the stainless steel screen and allowed to free drain until no changes in the sheet shape were observed. Thirty samples of each size of each paper were tested ͓13͔.
The drying paper sheets were observed to pass through a series of discrete visual stages. When first removed from the bath, the sample is flooded ͑stage 1͒. When the sample is placed on the drying screen, the surface appears wet. At the second stage ͑t 1 ഛ t ഛ t 2 ͒, the overall surface moisture decreases fairly quickly as the flooded water evaporates from the surface and the surface fibers begin to shrink up. At the third stage ͑t 2 ഛ t Ͻ t S ͒, the sheet of paper roughens continuously until the roughness saturates, and at the final stage ͑t S ഛ t ഛ t F ͒ only small changes in paper roughness are observed as the sheet achieves its final shape ͑see top insert of Fig. 1͑a͒ . For times t ജ t 2 , we measured the maximal height of crumpling sheets, H͑L , t͒ = max x ជLϫL z͑t , x͒ − min x ជLϫL z͑t , x͒, which is assumed to satisfy the Family-Vicsek ansatz ͑1͒. Accordingly, we find that at the third stage. t 2 ഛ t Ͻ t S , the sheet height increases with time, such that ⌬H͑L , ͒ = H͑L , ͒ − H͑L ,0͒ behaves as ⌬H͑L,͒ ϰ f͑L/͒, ͑4͒ where = t − t 2 ͓14͔. The data collapse for sheets of different with are shown in Fig. 2͑a͒ . We also found that the heights of the final sheet shapes at F = t F − t 2 scale with L as
for all papers tested ͓see Fig. 2͑b͔͒ , where h and k are constants ͑see Table I͒ . This means that the roughness of all crumpled dry papers is characterized by ␣ = 1.00± 0.02, ␤ = 1.00± 0.05, and so z = ␣ / ␤ =1. Further, the one-dimensional ͑1D͒ profiles ͓see Fig. 1͑a͔͒ of dry crumpled sheets of size L ജ 150 mm were obtained with help the one-dimensional laser profilometry. Only a small number of overhangs were observed in obtained profiles, which were neglected in order to represent the profiles by single-valued functions z͑x͒ ͓see Fig. 1͑b͔͒ . Accordingly, we found the spectral ␣ S and the local roughness exponents from the scaling relations ͑3͒ and w ϰ⌬ , respectively ͓see Figs. 2͑c͒ and 2͑d͔͒. We note that = 1.0± 0.03 for all papers, whereas the spectral exponents were found to be different for different papers ͑see Table I͒. So the saturated roughness of dry paper sheets is characterized by
i.e., the sheet roughness is consistent with a new class of kinetic roughening suggested in Refs. ͓4,15͔. This result differs from the prediction of the model of crumpling of dried paper suggested in Ref. ͓9͔, as well as from the results of experimental studies of the flattening of randomly folded sheets ͑see Refs. ͓16,17͔͒. In experiments with mechanically crumpled papers, it was found that unfolded sheets are selfaffine, i.e., the sheet roughness is invariant under affine transformation x ជ → x , z → z with = 0.71± 0.01 ͑Ref. ͓16͔͒ and = 0.88± 0.03 ͑Ref. ͓17͔͒. In contrast to this, we found that crumpled dry sheets are invariant under the similarity transformation
and the roughening dynamics ͑4͒ is self-similar, i.e., t → t͒.
It is interesting to note that the wrinkling of plastically deformed sheets is also self-similar ͓18͔.
The nontrivial values of ␣ S Ͼ 1 indicate the long-range correlations in the paper roughness ͓19͔. Generally, selfsimilar shapes are characterized by the nontrivial fractal dimension D, rater than by the roughness exponent ͓20͔. Accordingly, we determined the fractal dimension of each original profile by the box-counting ͓Fig. 3͑a͒, divider ͓Fig. 3͑b͔͒, and perimeter-area ͓Fig. 3͑c͒ ͑Ref. ͓21͔͔͒ methods with the help of commercial BENOIT 1.3 software ͓22͔͔. We found that three methods give an almost the same value of fractal with open ͑1͒, medium ͑2͒, and closed ͑3͒ porosity and to interfaces formed in one-dimensional Sneppen model of self-organized depinning ͑4͒ and ͑5͒ in the cases of interfaces formed by facets with constant slope ±1 ͑4͒ and by a finite number of identical segments ͑5͒. Notice that all graphs are shifted along ordinate for clarity. We also note the numerical coincidence between the fractal dimension D and the spectral roughness exponent ␣ S of self-similar profiles of crumpled sheets ͑see Table I͒ . To verify the physical significance of this coincidence, we performed numerical study of the one-dimensional Sneppen model of self-organized depinning ͑model A͒. Ramasco et al. ͓4͔ have found that this model exhibits a type of anomalous roughening, characterized by ␣ S Ͼ ␣ = = ␤ = z = 1, where ␣ S = 1.5 in the case of a faceted interface formed by a finite number of identical segments, and ␣ S = 1.35 if the interface is formed by facets with constant slope ±1 ͑Ref. ͓4͔͒. In this work we determine the fractal dimension for these two types of faceted interfaces ͓see Fig. 3͑a͒ and 3͑b͒ , and Table I͒ . Accordingly, we found again that numerically ␣ S = D ͑Ref. ͓26͔͒.
In summary, we present an experimental observation of anomalous kinetic roughening of the class suggested theoretically in Ref. ͓4͔ . Moreover, we have show that in reported experiments, as well as in numerical simulations with the Sneppen model, this class of anomalous roughening is associated with self-similar scaling dynamics. The open questions are ͑1͒ Is the equality ␣ S = D valid for all self-similar interfaces? And if so, why? ͑2͒ Is it possible the scaling characterized by ␣ S Ͼ ␣ Ͼ = 1 and/or z 1, or this later type of kinetic roughening is always self-similar?
